Part II: Sulfidation of Coal Char

and Synthetic Chars

Introduction

Desulfurization of coal and coal char in hydrogen results
in evolution of H2S. Depending on the process, the H2S is either
entirely or partly removed and recirculated. The work, described
in Part II, was undertaken to obtain a better understanding of the
interaction between chars and gas mixtures containing H2S.

A literature survey indicated that no investigations have
been made of the sulfidation of carbonaceous materials, including
chars, in gas mixtures of Hz and H3S such that the sulfur potential
was systematically varied.

Experimental

Char from two different sources, prepared under a variety
of conditions, was used in this work. The preparation conditions
are summarized in Table II.

The preparation of char from Illinois No. 6 coal was
described in Part I (Experimental). Char from ash-free filter paper
(0.008% ash) was prepared by charring the paper, contained in a high-
purity alumina boat, in an atmosphere of dry He at 600 or 900°C for
3 hours. After the paper was charred, the boat was pulled to the
cool end of the reaction tube where it slowly cooled. Subsequently,
the char was quickly transferred to a desiccator where it was stocked.
The chars that were further treated in He at 1250 and 1500°C for 24
and 96 hours, respectively, were taken from this stock.

The sulfidation experiments were done in a vertical
furnace with the H2-H3S mixture entering at the bottom of the
reaction tube. The H)/H2S-ratio in the gas was adjusted by using
the usual arrangement of capillary flow meters. In most of the
experiments a gas flow rate of 30 cm3(STP)/min was used.

For each sulfidation experiment about 100 mg of char was
placed in an alumina tray. In most cases the sulfidizing treatment
was one hour, after which the sample was quickly pulled up to the
cool top of the reaction tube, while the He was kept flowing. The
cooled sample was then transferred to a desiccator. Sulfur in the
char was analyzed by the combustion method(l).

In some selected cases about 750 mg of char was sulfidized,
and afterwards analyzed for oxygen by the neutron-activation method.
The surface areas of the chars used were determined by the BET
method.
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Results and Discussion

The partially desulfurized coal char (Table II) was
sulfidized at 600, 800, and 900°C in Hp-H2S containing 0 to 100 per-
cent HyS. The results are given in Figure 14, in which the sulfur
content of the char after one hour reaction time is plotted versus
the percentage of HyS in the gas at the experimental temperature,
denoted by (%H2S)p. Similar results were obtained after sulfidation
for 4 hours.

In calculating (%H2S)r from the percentage of HyS in the
ingoing gas (at room temperature), due allowance should be made for
the partial dissociation of H3S at higher temperatures. The equi-
librium H;S percentage of the gas at the reaction temperature was
calculated from the available thermodynamic data(2).

The present results may be compared with those obtained
by Polansky, et. al.(7) who treated coke in H,S-N; mixtures containing
4.2 and 8.8 percent H,S. Their results show no pronounced difference
in the extent of sulfur absorption at 800 and 900°C.

Of special interest is the absorption of sulfur at 900°C
in Hy-H3S mixtures, containing less than 2 percent HyS, by previously
desulfurized coal char (from Illinois coal). This coal char was
produced by desulfurization of a char that originally contained
0.13 percent sulfur as pyrrhotite; this is equivalent to about
0.23 percent iron. Upon sulfidation of this desulfurized coal
char, pyrrhotite is expected to form when the sulfur potential is
sufficiently high. This is illustrated in Figure 15, where a
sudden rise in the amount of sulfur absorbed is observed when
(3H2S)p > 0.3. This is in good agreement with the value calculated
from the thermodynamic data for the iron/pyrrhotite equilibrium(2)
at 900°C. The increase in sulfur content at the "break point" in
the absorption curve is about 0.20 percent, in good agreement with
the estimated amount of iron present in the char.

The sulfur absorption curves, depicted in Figure 14, have
the general character of absorption isotherms. However, proper
interpretation of these results is hindered by the presence of
impurities in the coal char. It was therefore decided to study the
sulfidation of essentially impurity-free carbons and synthetic
chars.

Sulfidation of Synthetic
Carbons and Chars

Granulated samples of high-purity electrode graphite and
pyrolitic graphite were equilibrated with a 50 percent Hjp, 50 percent
HpS mixture at 1000°C for 1.5 hours; there was no detectable sulfur
absorption in either form of graphite. 1In another experiment
samples of electrode graphite and pyrite were placed in separate
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parts of an evacuated silica capsule and annealed for 20 hours at
650°C. This corresponds to a partial pressure of sulfur vapor of
about 0.14 atm, as estimated from the thermodynamic data for the

pyrrhotite/pyrite system(2). After this treatment, no sulfur was
detected in the graphite.

The present observations are in general agreement with
those of Wibaut and van der Kam(8) who found that even at sulfur
pressures above atmospheric, no detectable sulfur was absorbed by
either diamond powder or Ceylon graphite.

The results obtained for the synthetic chars are given in
Figures 16 and 17 for 600 and 900°C, respectively. In most experi-
ments the reaction time was 1 hour; however, some samples were
sulfidized for longer times (up to 3 hours). These samples absorbed
essentially the same amount of sulfur as those sulfidized for
1 hour. Moreover, it was observed that equilibrium could be reached
from both sides. For example, it was found that filter-paper char
{prepared at 900°C) which was first sulfidized in a 50 percent Hp,
50 percent H2S mixture at 600°C to a final sulfur content of Al per-
cent could subsequently be partially desulfurized in a 90 percent
H2, 10 percent HyS mixture to yield a final sulfur content of
0.4 percent. This is essentially the same as the sulfur content
after direct sulfidation of the char in the same gas mixture.
Similar observations were made at 900°C, indicating that the absorbed
sulfur is in equilibrium with the gas and that the process of
sulfur uptake is reversible.

The surface areas of the chars (Table II) are indicated
in Figures 16 and 17. It is seen that a char with a larger surface
area has, in general, a larger capacity for sulfur absorption. The
results obtained for coal char are also shown in Figures 16 and 17
for easy comparison. Coal char and filter-paper char (prepared at
600 and 900°C) have about the same surface areas and are seen to
absorb similar amounts of sulfur.

The results of x-ray analysis of the various chars used
in this investigation were compared in a qualitative way with the
data reported by Turkdogan et al., (9) as shown in Table III together
with estimated mean crystallite sizes. It was mentioned before
that graphitjzed electrode graphite, which has a mean crystallite
size of 500 A, did not absorb sulfur, whereas the nongraphitized
chars did. Thus, it is concluded from these results that the
ability of a given char or carbon to absorb sulfur is in the first
place determined by its state of crystallinity. In poorly graphitized
or nongraphitized carbons, the amount of absorbed sulfur increases
with increasing pore surface area.
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In view of the strong affinity between sulfur and oxygen,
an attempt was made to investigate the effect of oxygen on the
sulfur absorption by char. The initial oxygen content of synthetic
chars is shown as a function of the surface area in Figure 18. It
is seen that the initial oxygen concentration is a strong function
of the surface area and hence the temperature at which the char was
prepared {(Table II).

To study the change in oxygen concentration after sulfida-
tion of the chars, a series of special experiments was conducted;
the results are summarized in Table IV. It is interesting to note
that the oxygen content after sulfidation was independent, within
the analytical error, of the ratio (PH25/9H2)T in the gas. An
increase in the sulfidation temperature resilted in a lower oxygen
content in the char, particularly if the char had a larger surface
area (Figure 18).

In all cases investigated, it was found that the chars
with large surface areas contained more oxygen. Because of the
interdependence of surface area and oxygen content, it is difficult
to separate their effects on the capacity of a given char for
sulfur absorption. However, some indication of the influence of
oxygen on the sulfur absorption may be obtained from the results
shown in Table IV. For instance, the surface areas of filter-paper
char prepared at 600 and 900°C were 330 and 272 m2/g, respectively,
a difference of about 20 percent. After sulfidation at 600°C in a
gas of high sulfur potential, the oxygen contents of these chars
differed by about a factor of two, yet the difference in sulfur
absorbed was not more than about 10 percent. These findings indicate
that the influence of oxygen on the sulfur absorption is probably
secondary.

In this context the work of Hofmann and Ohlerich(10)
should be mentioned. They treated sugar charcoal in dry Oz at
about 500°C to obtain a char containing about 10 percent oxygen as
surface complexes. Upon sulfidation of this oxygenated char in S3
at 600°C, they found that the amount of sulfur taken up was equal
to that absorbed by a char which was not previously activated in
oxygen. Hofmann and Ohlerich concluded, as did Hofmann and
Nobbe (11), that the amount of sulfur absorbed by char is dependent
only on its surface area.

Some of the filter-paper chars used in this work were
analyzed for hydrogen and nitrogen. The results are summarized in
Table V, which shows that the major impurities in filter-paper char
are oxygen and hydrogen. The oxygen and hydrogen contents decrease
with increasing temperature of char preparation, while the nitrogen
content remains essentially constant.

The shape of the curves in Figure 19, in which the amount

of sulfur in some synthetic chars is shown as a function of
(pHZS/pﬂz)T, strongly suggests absorptive behavior. Hayward and
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Trapnell(l12) give examples of typical absorption isotherms and note
that chemisorption normally gives rise to isotherms of this general
form.

Although a treatment of the present results in terms of
idealized absorption isotherms is open to criticism, an attempt
will nevertheless be made to treat the results accordingly. It
will be shown that such a treatment leads to results which may be
considered reasonable.

Assuming that the chemisorbed sulfur forms an ideal
monolayer and that each chemisorbed species occupies a single site,
application of the ideal Langmuir isotherm gives(12)

_ 0
Y S —— 1

where a is the activity of the chemisorbed species, 6 the fractional
coverage, and B a temperature-dependent parameter containing the
heat of chemisorption of sulfur. The fractional coverage

6 = v/vp, where v is the volume of chemisorbed sulfur (STP) per
gram of char and vy the volume giving a complete monolayer of

sulfur on the surface of the char. The surface area, S mz/g, is
related to v by the following expression:

Vi . . =20

S = 5EZIZ NA 10 2)

where N is Avogadro'sg number and A the cross-sectional area of an
absorbed species in A2, The volume, v, of the chemisorbed sulfur
is obtained from the measured sulfur concentration as follows:

22414
3200

(%S) 3)

Substituting for the sulfur activity a = (szs/pHZ)T’
0 = v/vm, and making use of Equations 2 and 3, the following expres-
sion is obtained from Equation 1.

1 Al
Toor Py o/Py ) = 1.87 —[— + (P, /P, ) 4)
(%S) H,s" "H,"T S|B H,8" "R, T:'

The experimental results plotted in accordance with Equation 4 are
given in Figures 20 and 21 for 600 and 900°C, respectiﬁely. The
slope of each line should be proportional to 1/S; in fact, this is
shown to be the case in Figure 22, in which log (slope) is depicted
as a linear function of log S with a theoretical slope of -1.

From the intercept of this line with the ordinate the value of A,
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the crgss-sectional area of a chemisorbed species, is calculated to
be 17 A2, rThis value #5 to be compared with crosssectional areas
ranging from 10 to 50 A2 as estimated from physical absorption data
for a variety of gases(12).

According to Equation 4, the intercepts of the lines in
Figures 20 and 21 with the ordinate should be proportional to 1/S.
This is shown to be the case in Figure 23, in which log (intercept)
is depicted as a function of log S with a theoretical slope of -1.
From the intercepts of both lines with the ordinate, together with
the previously determined value of A, the temperature-dependent
parameter B is obtained. This parameter is proportional to ed/RT,
where g is the heat of chemisorption of sulfur on char. From the
temperature dependence of B, the value of g is estimated to be
about -10 kcal/mole, a reasonable value when compared with the
heats of chemisorption of other gases on carbon, as listed by
Hayward and Trapnell (12).

The foregoing analysis, although of necessity oversimpli-
fied, shows that the absorption of sulfur by synthetic chars is
most likely mainly governed by chemisorption. It is thus expected
that the surface area is an important parameter in determining
whether a given char or carbon is able to retain significant quanti-
ties of sulfur. This is in agreement with earlier work by Hofmann
and Nobbe (11) and by Polansky, et al. (7).

However, the surface area is not the only parameter to be
considered. For instance, electrode graphite in the unoxidized
state has a surface area of 1 m2/g(9), approximately the same as
filter-paper char prepared at 1500°C (Table II). Yet, no take-up
of sulfur by electrode graphite was observed after sulfidation in
50 percent Hj, 50 percent H2S at 1000°C. The mean crystallite
size, together with the X-ray analysis, of electrode graphite(9)
shows that its nature is graphitic and therefore more ordered.
Blayden and Patrick(l13) concluded from their work that so-called
disordered carbons with small carbon layers (equivalent to mean
crystallite size) and many defects are better able to absorb sulfur
than the more crystallite and graphitic carbons. The present
findings are consistent with this viewpoint.

Conclusions

In the absence of impurities such as iron, the ability of
chars or carbons to absorb significant amounts of sulfur in a sul-
fidizing gas such as a H2—st'mixture depends on the state of
crystallinity of the carbonaceous material. The sulfur absorption
decreases with increasing crystallite size._, In general, carbons
having a mean crystallite size of about 15 A or less absorb signifi-
cant amounts of sulfur when treated in H2-H3S mixtures. For carbons
with a given crystallite size, the higher the pore surface area the
higher is the amount of sulfur absorbed. '
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Sulfur absorption in high-purity chars, obtained from
ash-free filter paper, increased with increasing sulfur activity
and pore surface area of the char. This is in accord with the
Langmuir relation for chemisorption on single sites in an ideal
monolayer.

It is concluded from the present experimental results
that sulfur is not accommodated in the three-dimensional lattice of
the carbon but is chemisorbed on the surface. However, such chemi-
sorption takes place only on the pore walls of nongraphitic (poorly
crystalline) carbons, of which chars are good examples.
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Table II

Source, Conditions of Preparation, Initial Sulfur (Sji)
and Oxygen (0j) Contents and Surface Area (SA)

of the Various Chars Studied

Properties of the Char

Preparation
Source Conditions SA, m2/g Si, % 0;, %

Illinois Coal 5 atm Hy, 800°C for 400 0.05 -

3 h
Ash-free Filter 1 atm He, 600°C, 3h 330 0.00 4.0
Paper (0.008% 1 atm He, 900°C, 3h 272 0.00 1.4
ash) 1 atm He, 600°C, 3h+ }

1 atm He, 1250°C, 24h 30 0.00 0.34

1 atm He, 600°C, 3h+ }

. .14
1 atm He, 1500°C, 96h 3 0.00 0-1
Table III

Qualitative Comparison of the Crystallinity of Filter-Paper Chars

Used in This Work With the Crystallinity and Mean
Crystallite Size of Some Carbons Investigated by Turkdogan, et al.

9)

Type of Char
and Preparation

Crystallinity from Turkdogan's Work
Qualitative Comparison Mean Crystallite

Temp., °C From X-~ray Analysis Size, R
Filter paper (600)} Between coconut charcoal and ~10 - ~16
Filter paper (900) "vitreous" carbon
Filter paper (1250) Approaching vitreous carbon ~16

(1500) same as vitreous carbon ~16

Filter paper



Table IV

Oxygen and Sulfur Contents of Filter-Paper Chars After

sulfidation at 600 and 900°C for 1 Hr in Gases of

Various

Sulfur Potential

Sulfidation Preparation
Temperature, Temperature, ) 3 Pﬂzs) Sulfidized Char
°C °C i’ pHy /T % 0O $ S
0.05 1.7 0.80
600 600 4.0 61.5 1.6 9.50
0.05 0.8 0.20
200 1.4 61.5 0.8 8.40
1250 0.34 0.05 0.2 0.03
0.05 0.1 0.02
1500 0.14 61.5 0.1 0.05
0.05 0.7 0.90
900 600 4.0 7.6 0.6 7.50
0.05 0.9 0.40
900 1.4 7.6 0.6 5.80
0.05 0.1 0.01
1500 0.14 7.6 0.1 0.25
* Oi = initial oxygen content of the char.
Table V
Chemical Analysis of Filter-Paper Char
in Relation to Preparation Temperature
Char-
Preparation Composition, weight percent
Temperature, °C Carhon Oxygen Hydrogen Nitrogen
600 93.9 4.0 1.9 0.02
900 97.0 1.4 0.6 0.06
1250 99.6 0.34 0.2 0.04
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Figure 14. SULFIDATION OF PREVIOUSLY DESULFURIZED CHAR FROM
ILLINOIS NO. 6 COAL AT INDICATED TEMPERATURES
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